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The measurements of magnetic susceptibility, EPR and NEXAFS- spectroscopy study of the iron-
containing solid solutions of bismuth niobate Bi3NbO7 has indicated that iron atoms are represented 
by monomeric Fe(III) and Fe(III)-O-Fe(III) exchange bound dimers with the ferromagnetic and 
antiferromagnetic types of exchange in the solid solutions of cubic modification. The exchange 
parameter and monomeric and dimeric cluster distribution in Bi3Nb1-xFexO7-δ depending on the 
content of the paramagnetic atoms were calculated according to the model of Heisenberg-Dirac-
van Vleck. The solid solutions as well as iron oxides FeO, Fe2O3 and Fe3O4 were studied by the 
NEXAFS spectroscopy in order to determine the degrees of oxidation of iron atoms. The analysis 
of the NEXAFS Fe2p-spectra of iron-containing solid solutions and iron oxides revealed that the 
studied Fe atoms were mainly in the +3 oxidation state. The EPR spectrum of the sample with 
minimum iron content contained a symmetric signal with g = 4.27 with a weak shoulder at g ~ 8. 
The samples of Bi3Nb1-xFexO7-δ solid solutions at 0.02 ≤ х ≤ 0.04 had a low-intensity broad band in 
the region of g ~ 2.28 of their spectra. The spectra of EPR of the solutions with x > 0.04 exhibited a 
broad, slightly asymmetric line centered around g ~ 2.0.
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На основании данных магнитной восприимчивости и исследований методами ЭПР- и NEXAFS-
спектроскопии железосодержащих твердых растворов ниобата висмута Bi3NbO7 кубической 
модификации установлено, что атомы железа находятся в виде мономеров Fe(III) и 
обменносвязанных димеров Fe(III)-O-Fe(III) с ферро- и антиферромагнитным типами обмена. 
По модели Гейзенберга-Дирака-ван-Флека рассчитаны обменные параметры и распределение 
кластеров в Bi3Nb1-xFexO7-δ в зависимости от содержания парамагнитных атомов. С целью 
определения электронного состояния атомов железа исследованы твердые растворы и 
оксиды железа FeO, Fe2O3 и Fe3O4 методом NEXAFS-спектроскопии. Анализ Fe2p-спектров 
NEXAFS железосодержащих твердых растворов и оксидов железа показал, что атомы 
железа имеют степень окисления +3. В ЭПР-спектре образца с минимальным содержанием 
железа содержится симметричный сигнал с g = 4,27 со слабым плечом при g ~ 8. В спектрах 
образцов твердых растворов Bi3Nb1-xFexO7-δ (0,02 ≤ х ≤ 0,04) содержится широкая полоса малой 
интенсивности в области g ~ 2,28. В ЭПР-спектрах растворов (х> 0,04) проявляется широкая, 
слегка асимметричная линия, центрированная вокруг g ~ 2,0.
Ключевые слова: железо, кластеры, обменные взаимодействия, ЭПР- и NEXAFS-
спектроскопия.
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Introduction
Bismuth niobate Bi3NbO7 and its solid solutions are perspective basiс substances for oxygen sensors 
and for catalytic reactors as membranes with oxygen-conducting properties [1-3], photocatalysts in 
UV and visible spectral regions [4, 5]. Bismuth niobate undergoes the reconstructive reversible phase 
transition from cubic phase to tetragonal one at 830 °C and the cubic phase appears again at 900 °C 
[6-8]. Cubic bismuth niobate is characterized by defective fluorite-like structure with the following 
parameters (Fm3m, а = 0.548 nm). Cation positions of bismuth (III) and niobium (V) are distributed 
in the same crystallographic system [9]. The niobium atoms are arranged in distorted coordination 
octahedra [6, 10], the niobium-oxygen octahedra are bound by oxygen vertices, forming chains or 
blocks [3, 6, 10-14]. Previous studies of the magnetic properties of solid solutions of niobate of bismuth 
of cubic modification containing paramagnetic ions of 3d-elements [15-17] have shown that, due to the 
charge imbalance and highly distorted coordination polyhedron in the dilute solutions, the paramagnetic 
atoms were preferably in the oxidized state, e.g. Ni(III), Mn(III), Mn(IV). The concentrated solid 
solutions Bi3Nb1-xMxO7-δ (M – Ni, Mn) are stabilized by the formation of clusters of paramagnetic 
atoms with the antiferromagnetic exchange type, which manifestation is possible due to aggregated 
niobium-oxygen octahedra in the structure. 
In this paper, the state and nature of the iron paramagnetic exchange interactions in the 
Bi3Nb1-xFexO7-δ solid solutions were studied by means of magnetic dilution, EPR and NEXAFS-
spectroscopy. The parameters of exchange interactions in clusters of iron atoms were calculated. The 
solid solution composition as a function of the content of paramagnetic atoms was modelled.
Experimental part
The samples of bismuth orthoniobate solid solutions of cubic modification were synthetized 
by the solid-phase method from “special pure” grade oxides of bismuth (III), niobium (V) and iron 
(III). This method included staged calcination at the temperatures of 650 °C and 950 °C. Phase 
composition of the samples was monitored by means of scanning electron microscopy (electron 
scanning microscope Tescan VEGA 3LMN, energy dispersion spectrometer INCA Energy 450) 
and X-ray phase analysis (a DRON-4-13 diffractometer, CuKα emission), parameters of the unit 
cell of the solid solutions were calculated using the CSD program package [18]. The quantitative 
measurement of iron content in the samples was performed by atom-emission spectrometry (a 
spectrometer SPECTRO CIROS of ICP type), the accuracy was ±5% of the parameter x in the 
formula of the solid solutions. In the study of the solid solution samples, the magnetic susceptibility 
was measured by the Faraday method at sixteen fixed temperatures in the temperature range of 77–
320 K. The relative measurements were characterized by the accuracy of 2%. The spectra of EPR 
of the polycrystalline bismuth orthoniobate preparations were registered using a RadioPAN SE/X 
2547 radiospectrometer of X-diapason (Center for Collective Usage “Geonauka” at the Institute 
of Geology of Komi Scientific Center of Ural Branch of RAS). Spectra were received at room 
temperature using a rectangular resonator (RX102, TE 102 mode) in the form of the first derivative 
at the 100 MHz HF modulation frequency with the 0.25 mT amplitude and the 35 mW SHF field 
power. A batch of a preparation (≈100 mg) was placed into a quartz tube with 4 mm external diameter. 
The anthracite EPR signal (g0 = 2.0032, Bpp = 0.5 mT) was used for amplification calibration of 
the instrument. The spectra were recorded in the magnetic field range from 0 to 700 mT and the 
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lines of the reference were separately recorded with the scan step of 5 mT. The total spectra were 
normalized to the reference line intensity and then to 100 mg of the sample. The near-edge X-ray 
absorption fine structure (NEXAFS) of the Fe2p-absorption spectra of the iron-containing solid 
solutions Bi3Nb1-xFexO7-δ and oxides of iron was received using a synchrotron radiation source at the 
BESSY-II, Russian–German beamline in Berlin [19]. Each spectrum was registered in the mode of 
total electron yield (TEY) [20].
Results and discussion
The solid solutions Bi3Nb1-xFexO7-δ were obtained in the narrow concentration interval, x ≤ 0.06 [21]. 
The measurements of magnetic susceptibility allowed us to calculate the paramagnetic components of 
the magnetic susceptibility for the solid solutions and the values of the effective magnetic moments 
of iron atoms corresponding to various concentrations of the solid solutions and temperatures. The 
diamagnetic corrections for calculating the paramagnetic component of the magnetic susceptibility were 
taken considering the susceptibility of the matrix of bismuth niobate Bi3NbO7 of cubic modification, 
measured in the analogous temperature range [22]. The temperature dependence of the reciprocal 
of the magnetic susceptibility paramagnetic component, which was calculated for a mole of atoms 
of the paramagnetic obeyed the Curie-Weiss law in the investigated temperature range for all iron-
containing solid solutions. The isotherms of a paramagnetic component of iron magnetic susceptibility 
[χpara(Fe)] in the solid solutions (Fig. 1) have the form characteristic of antiferromagnets. The effective 
values of magnetic moment of single iron atoms, that were calculated by extrapolation of the [χpara(Fe)] 
values’ concentration dependencies to the infinitely diluted solid solutions, decreased with increasing 
temperature from μeff(Fe) = 7.12 MB (90 К) to 6.97 MB (320 К). This indicated the presence of 
ferromagnetic interactions between paramagnetic iron atoms. The value of the magnetic moment was 
much greater than the pure spin value of Fe(III) atoms (μeff = 5.92 MB, term 6А1g), Fe(II) (μeff ~ 4.9-
5.7 MB, 5Т2g), which indicated the formation of ferromagnetically bound aggregates of Fe(III) atoms 
in the highly diluted solid solutions. 
The ferromagnetic nature of the interaction in iron clusters remained up to х≤0.006. The nature 
of the temperature dependent change in the magnetic moment with increasing paramagnetic atom 
Fig. 1. Paramagnetic component isotherms of the magnetic susceptibility of the iron-containing preparations at 
90–320 К
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The ferromagnetic nature of the interaction in iron clusters remained up to х≤0.006. The 
nature of the temperature dependent change in the magnetic moment with increasing 
paramagnetic atom concentration in the solid solutions indicated the dominance of the 
antiferromagnetic type of exchange between iron atoms (Fig. 2). 
 
Fig. 2. Temperature dependencies of the effective magnetic moment of iron in the solid solutions 
at х 0.006 (1), 0.013 (2), 0.04 (3), 0.06 (4) 
 
 
The spectra of EPR of the Bi3Nb1-xFexO7-δ solid solutions at 0.006 ≤ х ≤ 0.06, as well as the 
calculated powder spectra of Fe3+ ions in cationic positions of lithium and niobium (V) of lithium 
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concentration in the solid solutions indicated the dominance of the antiferromagnetic type of exchange 
between iron atoms (Fig. 2).
The spectra of EPR of the Bi3Nb1-xFexO7-δ solid solutions at 0.006 ≤ х ≤ 0.06, as well as the calculated 
powder spectra of Fe3+ ions in cationic positions of lithium and niobium (V) of lithium niobate crystal 
with the parameters of the spin Hamiltonian of the Fe1 (Fe3+(Li)) and Fe4 (Fe3+(Nb)) centers are shown 
in Fig. 3 [21, 23, 24]. A software package Easyspin for the MathLab programming environment was 
used for the modeling of the spectra [25]. The narrow line on the experimental spectra with g0 = 2.0032 
refers to the standard. 
5 
 
 
Fig. 1. Paramagnetic component isotherms of the magnetic susceptibility of the iron-containing 
preparations at 90 К–320 К 
 
The ferromagnetic nature of the interaction in iron clusters remained up to х≤0.006. The 
nature of the temperature dependent change in the magnetic moment with increasing 
paramagnetic atom concentration in the solid solutions indicated the dominance of the 
antiferromagnetic type of exchange between iron atoms (Fig. 2). 
 
Fig. 2. Temperature dependencies of the effective magnetic moment of iron in the solid solutions 
at х 0.006 (1), 0.013 (2), 0.04 (3), 0.06 (4) 
 
 
The spectra of EPR of the Bi3Nb1-xFexO7-δ solid solutions at 0.006 ≤ х ≤ 0.06, as well as the 
calculated powder spectra of Fe3+ ions in cationic positions of lithium and niobium (V) of lithium 
Fig. 2. Temperature dependencies of the effective magnetic moment of iron in the solid solutions at х 0.006 (1), 
0.013 (2), 0.04 (3), 0.06 (4)
Fig. 3. EPR spectra of the samples of iron in the iron-doped Bi3NbO7 at various iron content х. The modelled 
powder spectrum of Fe(III) in positions of Li and Nb(V) in the LiNbO3 lattice is below
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The spectrum of the sample with minimum iron content contained a symmetric signal with 
g = 4.27 (�Bpp ≈ 29 mT) with a weak shoulder at g ∼ 8. Such a spectrum can be explained by 
structurally isolated Fe3+ ions located in relatively s r g crystal field, characteriz d by the 
parameter of axial field D > hνSHF, where νSHF ∼ 9.4 MHz, and the maximum degree of 
orthorhombic distortion of ∼ 1/3 [23]. Presumably, the appearance of the octahedral positions of 
iron with strong rhombic distortion is related with the compensation of excess charge by oxygen 
vacancies: Fe(III)→Nb(V) +V[O2-]. The V[O2-] vacancies in the nearest surroundings leads to the 
strong distortion of the octahedral position of iron and to the appearance of the band with 4.27 in 
the spectrum of EPR. The line with g ∼ 8 can be associated with the presence of the paramagnetic 
atom aggregates [26]. 
The samples of Bi3Nb1-xFexO7-δ solid solutions at 0.02 ≤ х ≤ 0.04 had a low-intensity broad 
band in the region of g ~ 2.28 of their spectra, which corresponds to iron (III) atoms occupying 
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The spectrum of the sample with minimum iron content contained a symmetric signal with 
g = 4.27 (∆Bpp ≈ 29 mT) with a weak shoulder at g ∼ 8. Such a spectrum can be explained by structurally 
isolated Fe3+ ions located in relatively strong crystal field, characterized by the parameter of axial 
field D > hνSHF, where νSHF ∼ 9.4 MHz, and the maximum degree of orthorhombic distortion of ∼ 1/3 
[23]. Presumably, the appearance of the octahedral positions of iron with strong rhombic distortion is 
related with the compensation of excess charge by oxygen vacancies: Fe(III)→Nb(V) +V[O2-]. The 
V[O2-] vacancies in the nearest surroundings leads to the strong distortion of the octahedral position 
of iron and to the appearance of the band with 4.27 in the spectrum of EPR. The line with g ∼ 8 can be 
associated with the presence of the paramagnetic atom aggregates [26].
The samples of Bi3Nb1-xFexO7-δ solid solutions at 0.02 ≤ х ≤ 0.04 had a low-intensity broad 
band in the region of g ~ 2.28 of their spectra, which corresponds to iron (III) atoms occupying 
the cationic positions of bismuth, because a line with a close effective g-factor value is present 
in the spectrum of EPR of a resembling complex in monocrystal niobate of lithium (Fig. 3). The 
low-field part of the broad line of 4.27 probably has a line of axial complexes of Fe (III)(Bi) with 
g ∼ 4.5. The spectra of EPR of the solutions with x > 0.04 exhibited a broad, slightly asymmetric line 
(ΔBpp ∼ 100 mT) centered around g ∼ 2.0. The Lorentz shape approximated well the segment of the 
line in the high-field. The lack of noticeable structure of the line with g about 2.0 and the appearance 
of the signal in the high iron content samples indicated its origination from iron (III) ions in the 
octahedral coordination.
The solid solutions Bi3Nb0.94Fe0.06O7-δ as well as iron oxides FeO, Fe2O3 and Fe3O4 were studied 
by the NEXAFS spectroscopy in order to determine the degrees of oxidation of iron atoms. The 
analysis of the NEXAFS Fe2p-spectra of iron-containing solid solutions and iron oxides (Fig. 4) 
revealed that the studied Fe atoms were mainly in the +3 oxidation state. The spectra of iron oxides 
FeO recorded in the present study correspond to the Fe2p-spectra, which were studied earlier 
[20].
The solid solution compositions depending on the content of the paramagnetic were modeled by 
the theoretical estimation of the susceptibility and by the comparison of the calculated values with the 
experimentaly obtained values.
Fig. 4. NEXAFS Fe2p3/2-spectra of the iron-doped Bi3NbO7 ceramics and iron oxides Fe3O4 and Fe2O3, FeO [20]
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The solid solution compositions depending on the content of the paramagnetic were 
modeled by the theoretical estimation of the susceptibility and by the comparison of the 
calculated values with the experimentaly obtained values. 
The computation and plotting of the experimental dependencies of χpara(Fe) on the solid 
solution concentrations were carried out within the framework of the dilute solid solution model, 
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The computation and plotting of the experimental dependencies of χpara(Fe) on the solid 
solution concentrations were carried out within the framework of the dilute solid solution model, 
on the basis which, the magnetic susceptibility is defined as the sum of the contributions from 
paramagnetic atoms which are considered to be single (Fe(III), monomers) and their M-O-M 
aggregates bound by exchange (dimers, Fe(III)-O-Fe(III)). The equation for finding the 
paramagnetic component of the iron atom magnetic susceptibility is the sum of the contributions 
of the magnetic susceptibility of monomers, as well as the dimers with the anti- and ferromagnetic 
interactions:
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Here, J is the parameter of isotropic exchange and S is the operator of the total angular spin 
moment. 
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moment. 
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Here, J is the parameter of isotropic exchange a d S is the operator of the total angular spin
moment. 
Then χdim is determined with the help of the relationships (3) – (6). 
 
∑
∑
−
−
−
+
++
=
'
'
'
'
21
/),('
/),(''''2
)12(8
)12)(1()(
2
1
S
kTSJE
S
kTSJE
SS
dim eST
eSSSSg
χ , (3) 
 
E(J, S’)= -J[S’(S’+1) – Sa(Sa+1) – Sb(Sb+1)], (4) 
 
S’=Sa+ Sb, Sa+ Sb – 1, … , |Sa – Sb|,  (5) 
 
 are the 
magnetic susceptibilities of the dimers (Fe(III)-O-Fe(III)) with ferro- and antiferromagnetic types of 
exchan e, determined y th  Heisenberg-Dirac-van Vleck model [27]. 
There are five independent parameters in the equation (1): the fractions of individual Fe(III) 
atoms nd Fe(III)-O-F (III) imers with a  anti- and ferromagn tic xchange types, as well as the 
parameters of the anti- and ferromagnetic exchange between iron (III) atoms, JFe(III)-Fe(III), which 
re indirectly present in this equation. As it was shown in several of works [15-19], the number of 
experimental magnetic susceptibility values as t e function of the temperature and the solid solution 
concentration is sufficient to estimate the exchange parameter and the fraction of clusters of the atoms 
with para agneti properties.
ccording to the Heisenberg-Dirac-van Vleck model [27], Hamiltonian of the spin-spin interaction 
for a dimer looks like (2):
Ĥexch = -2JŜi·Ŝj. (2)
He e, J is the pa ameter of isotropic xchange and S is the operator of the total angular spin 
moment.
Then χdim is determined with the help of the relationships (3 – (6).
8 
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the magnetic susceptibilities of the dimers (Fe(III)-O-Fe(III)) with ferro- and antiferromagnetic 
types of exchange, determined by the Heisenberg-Dirac-van Vleck model [27].  
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experi ent l magnetic susceptibility values as the function of th  t mperature and the solid 
solution concentration is sufficient t  esti ate the exchange parameter and the fraction of clusters 
of the atoms with paramagnetic properties. 
Accordi g to the Heisenberg-Dirac-van Vleck model [27], Hamiltonian of th  spin-spin 
interaction for a dimer l ks like (2): 
 
Ĥexch = -2JŜi·Ŝj. (2) 
 
H re, J is th param ter of isot opic xchange and S is the operator of the t tal angul r spin 
moment. 
Then χdim is determined with the help of the relationships (3) – (6). 
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E(J, S’)= -J[S’(S’+1) – Sa(Sa+1) – Sb(Sb+1)], (4) 
 
S’=Sa+ Sb, Sa+ Sb – 1, … , |Sa – Sb|,  (5) 
 
 (3)
E(J, S’)= -J[S’(S’+1) – Sa(Sa+1) – Sb(Sb+1)], (4)
S’=Sa+ Sb, a+ Sb – , … , |Sa – Sb|, (5)
where Sа, Sb are the values of spins of the atoms within the dimers, applying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2, g – the Lande factor for atoms of iron (III), J – the parameter of 
exchange, Т – the absolute temperature.
The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was 
calculated by the equation (6):
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where Sа, Sb are the values of spins of the atoms within the dimers, applying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2, g – the Lande factor for atoms of iron (III), J – the 
parameter of exchange, Т – the absolute temperature. 
The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was 
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where х = J /kT, where k – the Boltzmann constant. 
The experimental and calculated values achieved the agreement via the reduction of the 
value of the function 2)(∑∑ −
i j
exp
ij
calc
ij χχ , where ∑i  is summation over all concentrations; ∑j  is 
summation over all temperatures; calcijχ  is the calculated value of paramagnetic component of the 
solid solution magnetic susceptibility, expijχ  is the experimental paramagnetic component value. 
The best correlation between the experimental values and the calculated values was obtained for 
the iron-containing solid solutions with the antiferromagnetic exchange parameter JFe3+-O-Fe3+ = -
180 cm-1 and the ferromagnetic exchange parameter J Fe3+-O-Fe3+ = 53 cm-1. The comparison of the 
experimental and theoretical values of the magnetic susceptibility of the solid solutions is shown 
in Table 1. 
 
Table 1. The results of calculation of distribution of atoms of iron in the iron-doped Bi3NbO71 
х dim(f) )()( IIIFeIIIFea −  
mon
)( IIIFea  
dim(a)
)()( IIIFeIIIFea −
χexp(calc)·109, emu/mol 
90 К 140 К 200 К 260 К 320 К 
0.000 0.58 0.40 0.02 67.5(67.6) 43.6(43.6) 30.8(30.4) 24.0(23.2) 19.8(18.7)
0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(26.4) 19.5(20.3) 15.9(15.9)
0.010 0.40 0.30 0.30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 0.43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 46.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(12.9)
Footnote: 1– monIIIFea )(  is a fraction of monomers of iron (III), 
( )fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of iron (III) with 
antiferromagnetic exchange. 
 
It was established as a result that the solid solution with infinite dilution contains single 
atoms of Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and ferromagnetic exchange 
types. As the solid solution iron concentration increased, the fractions of Fe(III) monomers and 
ferromagnetically bound dimers decrease along with the increase in the fractions of 
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wher  х = J /kT, wher  k – the Boltzmann constant. 
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х dim(f) )()( IIIFeIIIFea −  
mon
)( IIIFea  
dim(a)
)()( IIIFeIIIFea −
χexp(calc)·109, emu/mol 
90 К 140 К 200 К 260 К 320 К 
0.000 0.58 0.40 0.02 67.5(67.6) 43.6(43.6) 30.8(30.4) 24.0(23.2) 19.8(18.7)
0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(26.4) 19.5(20.3) 15.9(15.9)
0.010 0.40 0.30 0.30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 0.43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 46.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(12.9)
Footnote: 1– monIIIFea )(  is a fraction of monomers of iron (III), 
( )fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of iron (III) with 
antiferromagnetic exchange. 
 
It was established as a result that the solid solution with infinite dilution contains single 
atoms of Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and ferromagnetic exchange 
types. As the solid solution iron concentration increased, the fractions of Fe(III) monomers and 
ferromagnetically bound dimers decrease along with the increase in the fractions of 
 is sum ation over all con e trations; 
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where Sа, Sb are the values of pin  of the atoms within e dimers, applying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = b  5/2, g – the Lande factor for at ms f ir n (III), J – the 
parameter of exchange, Т – the absolute temp rature. 
The paramagnetic comp nent of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers wa  
calculated by the equation (6): 
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where х = J /kT, where k – the Boltzmann co st t.
The experim ntal and calculated values achieved the agreem nt via the reduction of the 
value of the function 2)(∑∑ −
i j
exp
ij
calc
ij χχ , where ∑i is summation over all concentrations; ∑j  is 
summation over all temp ratures; calcijχ  is the calculated value of paramagnetic comp nent of he 
solid soluti n magnetic susceptibility, expijχ  is the experim ntal paramagnetic comp nent value. 
The best correlation betwe n the experim ntal values and the calculated values wa  obtained for 
the iron-c taining solid soluti ns with the antiferromagnetic x hange parameter JFe3+-O-Fe3+ = -
180 cm-1 and the ferromagnetic x hange parameter J Fe3+-O-Fe3+ = 53 cm-1. The comparison of the 
experim ntal and theoretical values of the magnetic susceptibility of the solid soluti ns is hown 
in Table 1. 
 
Table 1. The results of calculation of distribution of at ms f ir n in the iron-d ped Bi3NbO71 
х dim(f) )()( IIIFeIIIFea −  
mon
)( IIIFea  
dim(a)
)()( IIIFeIIIFea −
χexp(calc)·109, emu/ ol 
90 К 140 К 200 К 260 К 320 К 
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0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(12.9)
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where х = J /kT, where k – the Boltzmann constant. 
The experimental and calculat d values achieved he agreement via the reduction of the 
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summation over all temperature calcijχ  is the calculated value of paramagnetic component of the 
solid solution magnetic susceptibility, expijχ  is the experimental paramagnetic component value. 
The best correlation between the experimental values and the calculated values was obtained for 
the iron-containing solid solutions with the antiferrom gnetic exchang  parameter JFe3+-O-Fe3+ = -
180 cm-1 and the ferr magnetic exchange parameter J Fe3+-O-Fe3+ = 53 cm-1. The co parison of the 
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in Table 1. 
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of ir n (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of ir  (III) with 
ant ferromagnetic exchange. 
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Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2, g – the Lande factor for atoms of iron (III), J – the 
parameter of exchange, Т – the absolute temperature. 
The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was 
calculated by the equation (6): 
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where х = J /kT, where k – the Boltzmann constant. 
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180 cm-1 and the ferromagnetic exchange parameter J Fe3+-O-Fe3+ = 53 cm-1. The comparison of the 
experimental and theoretical values of the magnetic susceptibility of the solid solutions is shown 
in Table 1. 
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х dim(f) )()( IIIFeIIIFea −  
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)( IIIFea  
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)()( IIIFeIIIFea −
χexp(calc)·109, emu/mol 
90 К 140 К 200 К 260 К 320 К 
0.000 0.58 0.40 0.02 67.5(67.6) 43.6(43.6) 30.8(30.4) 24.0(23.2) 19.8(18.7)
0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(26.4) 19.5(20.3) 15.9(15.9)
0.01  .40 0.30 .30 53.8(53.8) 35.1( 6.2) 2 .7(25.7) 19.0(19.8) 15.5(15.3)
0.013 .39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.02  0.38 .19 .43 49.8(49.6) 33.1(34.1) .5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 6.2(45.2) 31.3( 1.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 4.6(45. ) 30.4(31.0) 22.0( 2.5) 17.2(17.5) 14.2(12.9)
Footnote: 1– monIIIFea )(  is a fraction of monomers of iron (III), 
)fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of di ers of iron (III) with 
antiferromagnetic exchange. 
 
It was established as a result that the solid solution with infinite dilution contains single 
atoms of Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and ferromagnetic exchange 
types. As the solid solution iron concentration increased, the fractions of Fe(III) monomers and 
ferromagnetically bound dimers decrease along with the increase in the fractions of 
is the experiment l param gnetic co p nent value. The best corr lation 
between the experimental values and the calculated values was obtained for the iron-containing solid 
solutions with the antiferromagnetic exchange parameter JFe3+-O-Fe3+ = -180 cm-1 and the ferromagnetic 
ex hange parameter J Fe3+-O-Fe3+ = 53 cm-1. The comp rison of the experimental and theoretical values of 
the magnetic susceptibility of the solid solutions is shown in Tabl  1.
It was established as a result that the solid solution with infinite dilution contains single atoms of 
Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and ferromagnetic exchange types. As the 
soli solution iron concentrati n increased, the fra t ons  Fe(III) mon mers and ferromagnetically 
bound dimers decrease along with the increase in the fractions of antiferromagnetically bound ones 
(Table 1). The change in the type  interaction amo g the atoms with paramagnetic properties in a 
cluster with increasing concentration can be explained by the degree of defectiveness of the oxygen 
surroundings and the nature of the distribution of atoms of iron over the cationic positions. It can be 
assumed that in the heterovalently-substituted solid solutions, th  occurrence of the oxygen vacancies 
leads to the suppression of antiferromagnetic exchange channels of the type 
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antiferr magnetically bound on s (Tabl  1). Th  hange in the type of interaction among the 
atoms with paramagnetic properties in a cluster with increasing concentration can be explained 
by the degree of defectiveness of the oxygen surroundings and the nature of the distribution of 
atoms of iron over the cationic positions. It can b  assumed that in th  heterovalently-substituted 
solid solutions, the occurrence of the oxygen vacancies leads to the suppression of 
antiferr magnetic exchange channels of the type 
2222 |||| yxxyx dpd −−  and to start the action of the 
ferromagnetic exchange channels xyxyx dpd ⊥⊥− 22 . With an increase in the content of atoms of 
Fe(III) in these solutions, the fraction of exchange bound aggregates that stabilize the crystal 
structure are increasing due to the localization of aggregates near the oxygen vacancies, which 
reduces the degree of distortion of the oxygen surroundings of the paramagnetic atoms. This is 
the c use of the increase in the fr ction of aggrega es with antiferromagnetic exchange type, 
r alized through the exchange chan els 
2222 |||| yxxyx dpd −− and xzzxz dpd |||| . The appearance of the 
dimers instead of more complexly organized aggregates or paramagnetic atom chains is probably 
can be explain d by the f ct that these solid s lutions have low concentration of the atoms with 
paramagnetic properties. 
Conclusion 
The measuring of the magnetic susceptibility, NEXAFS and EPR-spectroscopy of the iron-
containing solid solutions of bismuth niobate Bi3NbO7 of cubic modification have indicated that 
iron atoms are represented by monomers of Fe(III) and exchange bound dimers with the 
antiferromagnetic type and ferromagnetic type of exchange. The parameters of the exchange in 
the dimers of atoms of iron (III) with an the anti- and ferromagnetic types of exchange, calculated 
according to the model of Heisenberg-Dirac-van Vleck, are equal to J = -180 cm-1 and J = 53 cm-
1, respectively. The satisfactory convergence was observed between the calculated values of the 
magnetic susceptibility and the experimental values in the iron-doped Bi3NbO7 ceramics. The 
modeling of the solid solution compositions and nature of the exchange interactions in clusters 
allowed us to establish that the increasing solid solution content of the atoms with paramagnetic 
properties causes the increase in the fraction of dimers of Fe(III) atoms with antiferromagnetic 
exchange type. Along with it, the fractions of the monomers of Fe(III) and dimers with 
ferromagnetic type of exchange decrease. 
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where Sа, Sb are the values of spins of the atoms within the dim rs, pplying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2, g – the Lande factor for atoms of iron (III), J – the 
parameter of exchange, Т – the absolute temperatu e. 
The paramagnetic compon nt of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was 
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0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(26.4) 19.5(20.3) 15.9(15.9)
0.010 0.40 0.30 0.30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 0.43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 46.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(12.9)
Footnote: 1– monIIIFea )(  is a fraction of monomers of iron (III), 
( )fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of iron (III) with 
antiferromagnetic exchange. 
 
It was established as a resu t that the sol d solution with infinite dilution contains single 
atoms f Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and ferromagnetic exchange 
types. As the solid solution iron concentration increased, the fractions of Fe(III) monomers and 
ferromagnetically bound dimers decrease along with the increase in the fractions of 
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It  t li    r lt t t t  li  l ti  it  i fi it  il ti  t i  i l  
t  f (III)  t  i r  ( (III)- - (III)) it   tif rr -  f rr ti   
t .  t  li  l ti  ir  tr ti  i r , t  fr ti  f (III) r   
f rr ti ll   i r  r  l  it  t  i r  i  t  fr ti  f 
χexp(calc)·109, emu/mol
90 К 140 К 200 К 260 К 320 К
0.000 0.58 0.40 0.02 67.5(67.6) 43.6(43.6) 30.8(30.4) 24.0(23.2) 19.8(18.7)
0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(26.4) 19.5(20.3) 15.9(15.9)
0.010 0.40 0.30 0.30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 0.43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 46.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5 17.2(17.5) 14.2(12.9)
Footnote: 
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where Sа, Sb are the values of spins of the atoms within the dimers, applying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2,  – the Lande factor for atoms of iron (III), J – the 
parameter of exch nge, Т – the absolute temperature. 
T  paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was 
calculated by the equation (6):
 
xxxxxx
xxxxx
dim eeeeee
eeee
T 5.175.155.115.55.25.12
5.155.15.5525.12
357911
63084180330
4
1
−−−−
−−−
+++++
++++⋅=χ , (6)
where х = J /kT, where k – the B ltzmann onstant. 
The experimental and calculated values achieved the agreement via the reduction of the 
value of the function 2)(∑∑ −
i j
exp
ij
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ij χχ , where ∑i  i  summation over all concentrations; ∑j  is 
summation over all temperatures; alcijχ  is the alculated value of paramagnetic component of the 
solid s l tion magnetic sus ptibility, expijχ  is the ex erimental p ramagnetic component value. 
The b st correlation between the experimental values and the cal ulated values was obtained for 
the iron-containing solid solut ons wi  the antiferromagnetic exchange parameter JFe3+-O-Fe3+ = -
180 cm-1 and th  ferro agnetic excha e parameter J F 3+-O- 3+ = 53 cm-1. The c parison of the 
experime tal and theoretical values of the magnetic susceptibility of the solid solutions is shown 
in Table 1. 
 
Table 1. The results of cal ulation of distribution of atoms f iron in the iron-doped Bi3NbO71 
х dim(f) )()( IIIFeIIIFea −  
mon
)( IIIFea  
dim(a)
)()( IIIFeIIIFea −
χexp(calc)·109, emu/mol 
90 К 140 К 200 К 260 К 320 К 
0.000 0.58 0.40 0.02 67.5(67.6) 43.6(43.6) 30.8(30.4) 4.0(23.2) 19.8(18.7)
0.006 0.42 . 4 0.24 56.2(56.1) 6.3(37.3) 25.3(26.4) 19.5(20. ) 5.9(15.9)
0.010 0.40 0.30 0.30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52. (52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 0.43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 .15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17.8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 46.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 14.4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(12.9)
1– monIIIFea )(  is a fraction of monomers of iron (III), 
( )fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of iron (III) with 
antiferromagnetic exchange. 
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where Sа, Sb are the values of spins of the atoms within the dimers, applying to this study, for the 
Fe(III)-O-Fe(III) dimer Sа = Sb = 5/2, g – the Lande factor for atoms of iron (III), J – the 
parameter of exchang , Т – the bsol te temperature. 
The paramagnetic component of the magnetic susceptibili y  Fe(III)-O-Fe(III) dimers was 
calculated by the equation (6): 
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where х = J /kT, where k – the Boltzmann constant. 
The experimental and calculated values achieved the agreement via the r duction of the 
value of the function 2)(∑∑ −
i j
exp
ij
calc
ij χχ , where ∑i  is summ tion ov r all concentrations; ∑j  s 
summation over all temperatures; calcijχ  is th  calculated value of paramagnetic component of the 
solid solution magn tic susceptibility, expijχ is t e exp riment l para agnetic com onent v lue. 
The best correlatio  between the experiment l valu s and t e calculated v lues was obtained for 
the iron-containing solid solutions with the antiferromagnetic xchange p ram ter JFe3+-O-Fe3+ = -
180 cm-1 and the ferromagnetic ex hang  para ter J Fe3+-O-Fe3+ = 53 cm-1. The comparis n of the 
experimental and theoretical valu s of th  magnetic susceptibility of the solid solutions is shown 
in Table 1. 
 
Table 1. The results of calculation of distribution of atoms of iron in the iron-d ped Bi3NbO71 
х dim(f) )()( IIIFeIIIFea −  
mon
)( IIIFea  
dim(a)
)()( IIIFeIIIFea −
χexp(calc)·109, emu/mol 
90 К 140 К 200 К 260 К 320 К 
0.000 0.58 0.40 .02 67.5(67.6) 43.6(43.6) 30.8(30.4) 24.0(2 .2) 19.8(18.7)
0.006 0.42 0.34 0.24 56.2(56.1) 36.3(37.3) 25.3(2 .4) 19 5(20. ) 15.9(1 .9)
0.010 0.40 0.30 .30 53.8(53.8) 35.1(36.2) 24.7(25.7) 19.0(19.8) 15.5(15.3)
0.013 0.39 0.28 0.33 52.0(52.6) 34.2(35.6) 24.2(25.3) 18.7(19.5) 15.3(15.0)
0.020 0.38 0.19 .43 49.8(49.6) 33.1(34.1) 23.5(24.5) 18.3(18.9) 14.9(14.3)
0.031 0.36 0.15 0.49 47.6(47.2) 32.0(33.0) 22.9(23.8) 17 8(18.4) 14.6(13.8)
0.041 0.34 0.12 0.54 6.2(45.2) 31.3(31.9) 22.5(23.1) 17.6(17.9) 1 .4(13.3)
0.059 0.32 0.10 0.58 44.6(45.4) 30.4(31.0) 22.0(22.5) 17.2(17.5) 14.2(1 .9)
Footnote: 1– monIIIFea )(  is a fraction f monomers of iron (III), 
( )fdim
IIIFeIIIFea )()( −  is a fraction of dimers 
of iron (III) with ferromagnetic exchange, ( )adim IIIFeIIIFea )()( −  is a fraction of dimers of iron (III) with 
antiferromagnetic exchange. 
 
It was established a  a result that th  solid solu ion with infinite dilution contains si gl
atoms of Fe(III) and the dimers (Fe(III)-O-Fe(III)) with an antiferro- and f rromagnetic exchange 
types. As the solid solution iron concentration increased, the fractio s of Fe(III) monomers and 
ferromagnetica ly bound dime s decrea e along with the increase in the fractions of 
 is a fraction of dimers of iron (II ) with a tiferro agnetic exchange.
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instead of more complexly organized aggregates or paramagnetic atom chains is probably can be 
explained by the fact that these solid solutions have low concentration of the atoms with paramagnetic 
properties.
Conclusion
The measuring of the magnetic susceptibility, NEXAFS and EPR-spectroscopy of the iron-
containing solid solutions of bismuth niobate Bi3NbO7 of cubic modification have indicated that iron 
atoms are represented by monomers of Fe(III) and exchange bound dimers with the antiferromagnetic 
type and ferromagnetic type of exchange. The parameters of the exchange in the dimers of atoms 
of iron (III) with an the anti- and ferromagnetic types of exchange, calculated according to the 
model of Heisenberg-Dirac-van Vleck, are equal to J = -180 cm-1 and J = 53 cm-1, respectively. The 
satisfactory convergence was observed between the calculated values of the magnetic susceptibility 
and the experimental values in the iron-doped Bi3NbO7 ceramics. The modeling of the solid solution 
compositions and nature of the exchange interactions in clusters allowed us to establish that the 
increasing solid solution content of the atoms with paramagnetic properties causes the increase in the 
fraction of dimers of Fe(III) atoms with antiferromagnetic exchange type. Along with it, the fractions 
of the monomers of Fe(III) and dimers with ferromagnetic type of exchange decrease.
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